Purpose: To evaluate a spectral imaging technique to detect the area of internal limiting membrane (ILM) peeling after vitrectomy for idiopathic macular hole.
I
diopathic macular hole is a common macular entity in older adults, occurring predominantly in female patients. 1 Recently, internal limiting membrane (ILM) peeling has become a widespread technique in vitrectomy for idiopathic macular hole. 2 Identification of the area of ILM peeling is crucial to evaluate the efficacy of ILM peeling.
To determine whether there was removal of ILM and sparing of the deeper layers, monochromatic images that include a range of wavelengths may prove useful. Red-free fundus photography, readily available with both digital and film cameras, has been used to image the change at the retinal surface. 3 Monochromatic images over a wide range of wavelengths, including the short wavelengths found in red-free photography, are readily obtained using the scanning laser ophthalmoscope (SLO). The clinical utility of the SLO to detect the margin of ILM peeling has been reported. 4 In this study, we compared the effectiveness of visualizing the border of the ILM peeling with three types of techniques: spectral imaging with the SLO, color fundus photography, and red-free fundus photography.
Materials and Methods
This prospective study included 15 eyes of 15 Japanese patients (3 males and 12 females; age range, 47-77 years [mean, 63.6 years]) with idiopathic macular hole. Before testing, all patients received a detailed explanation of the study procedure and signed consent forms approved by the Institutional Review Board of the Tokyo Medical University. All eyes underwent pars plana vitrectomy with ILM peeling. Intraocular lenses had previously been implanted in 10 eyes; the remaining five eyes had clear crystalline lenses before and after vitrectomy. Standard three-port vitrectomy was performed, followed by surgical separation of the posterior cortical vitreous from the optic nerve head and posterior retina. An ILM peeling technique with indocyanine green (ICG) was used for all eyes. 2 ILM peeling was performed by making a small opening and flap tear in the ILM with a vitreous forceps, and a continuous curvilinear tear was completely created around the macular hole. Air-fluid exchange with an injection of hexafluoride gas was performed. All patients were instructed to keep a prone position for 7 postoperative days. Anatomic closure was achieved in 14 of 15 cases at the 1-month follow up.
The images of the macula were taken 1 month after surgery. Retinal images of 40°ϫ 25°were digitized using the Rodenstock SLO (Rodenstock, Inc., Munich, Germany). A confocal aperture of 800 m with respect to the retina was used at 488 nm, 514 nm, 633 nm, or 780 nm. The focal plane was the retinal surface. Each image was stored in 8-bit tagged information file format at 640 ϫ 480-pixel resolution. The color fundus photographs and the red-free fundus photographs of 35°ϫ 25°were taken using a Topcon TRC50IX retinal camera (Topcon, Tokyo, Japan) with a Victor KY-F75 digital camera (Victor, Tokyo, Japan) and stored as 24 bit and 8 bit, respectively, in a tagged information file format at 630 ϫ 450-pixel resolution.
The area of ILM peeling was confirmed by videotape recording of the surgical microscope. To evaluate the distinctness of the margin of ILM peeling objectively, edge contrast at the margin of ILM peeling was calculated using following formula:
, where L adj is the mean of intensity of the area outside the area of ILM peeling at 0.5°from the boundary of ILM peeling and L ilm is the mean of the intensity at the area inside ILM peeling at 0.5°from the boundary. The Michelson contrast was used so that darker images, found for images acquired using the shorter wavelengths, could be compared with lighter images. The remnants of ICG were localized using a filter for ICG angiography in the SLO, and no residual ICG existed in the measurement area in any case.
For a subjective evaluation, two retinal specialists (T.A. and K.Y.) rank ordered the ability to discern the margin of ILM peeling using the criteria shown in Table 1 . Each image was displayed on a computer monitor (LCD-A17VS, I-O data, Kanazawa, Japan). We hypothesized that there would be a monotonic wavelength effect on contrast and therefore better rank order of border distinctness for the shorter wavelength data. Further, we compared short wavelength data for the two data types, SLO imaging and photography. We used planned, matched-sample t-tests for planned comparison among the Michelson contrast data. We used Wilcoxon signed rank tests for statistical analysis for planned, paired comparisons of rank-order data. We compared the shorter wavelength conditions. We also compared the longer wavelength SLO images with the shorter wavelength SLO images (i.e., 488 nm or 514 nm vs. 633 nm or 780 nm).
Results
The Michelson contrasts at 488 nm and 514 nm were significantly better than those in red-free fundus photographs (P Ͻ 0.005, paired t-test; Fig. 1 ), images at 633 nm (P Ͻ 0.05, paired t-test; Fig. 1) , and images at 780 nm (P Ͻ 0.005, paired t-test; Fig. 1 ). There was no significant difference between images at 488 nm and those at 514 nm (P ϭ 0.16, paired t-test; Fig. 1 ). As can be seen in Figure 2 , the 780 nm image appears almost uniform, while there is a distinct ring, indicating the edge of the ILM peeling, for both 488-nm and 514 nm images. There is a more distinct ring for the red-free fundus photograph than for the 780 nm image.
For the rank-order data of border distinctness, images at 488 nm were graded as better than images at 633 nm (P ϭ 0.006 and 0.005, Wilcoxon signed rank test), images at 780 nm (P ϭ 0.0006 and 0.0009), color fundus photographs (P ϭ 0.0005 and 0.002), and red-free fundus photographs (P ϭ 0.001 and 0.003) as ranked by T.A. and K.Y., respectively (Fig. 3). Images at 514 nm were also graded better than images at 633 nm (P ϭ 0.01 and 0.005), images at 780 nm (P ϭ 0.001 and 0.0008), color fundus photographs (P ϭ 0.001 and 0.002), and red-free photographs (P ϭ 0.006 and 0.005) as ranked by T.A. and K.Y., respectively (Fig. 3) . There was no significant difference between images at 488 nm and those at 514 nm (P ϭ 0.36 and 0.26) as ranked by T.A. and K.Y., respectively (Fig. 3) .
Discussion
In the current study, we compared the Michelson contrast, an objective measure of border distinctness, for red-free fundus photographs and several spectral SLO images to find the best imaging technique to detect the area of ILM peeling. The SLO images at the wavelengths of 488 nm and 514 nm, which had the highest edge contrasts values, were judged better than images at 633 nm and 780 nm, color fundus photographs, and red-free fundus photographs. Thus, the objective measure and subjective evaluation agreed, and a clear-cut answer was that the 488-nm or 514-nm images for the SLO provided the best technique.
The advantage of the SLO is high contrast images. 5 Laser scanning technologies provide improvement of the contrast in retinal structures behind the degraded optics of an aging eye. The illumination of only one point at a time prevents scattering over long distances from adjacent structures. These benefits are crucial in eyes with macular hole for two reasons. First, macular hole affects largely an older population. Second, vitreous changes leading to traction and retinal surface changes are a significant part of the clinical entity at presentation, and there may be permanent anatomic changes that are not incorporated into the surgical procedure at the vitreoretinal interface. In contrast, color fundus photographs and red-free fundus photographs illuminate large a field of view. The resulting image is a combination of light reflected from the retinal surface, light passing into deeper layers and potentially scattering over longer distances, and light scattered by superficial bright lesions that may be several degrees away. Using an incident laser with a narrow spectral band in the short wavelength region, surface retinal structures could be observed with high contrast. 4, 5 An image of the human retina is constructed from the various sources of reflections, and an evaluation of the light-tissue interaction at the retina is an integral part in the design of optical devices for retinal diagnosis and the interpretation of the resulting images. 6, 7 The reflection at the retinal surface has been proposed to be the most important component, and many researchers 8 -10 have reported that the ILM is the major reflector at the retinal surface. The SLO images at 488 nm and 514 nm had high contrast across the borders and were also judged better than images at 633 nm or 780 nm. This finding indicates that the reflection at the ILM significantly contributes to retinal images at short wavelengths. With long wavelengths, the contribution is rather small compared with the presence of multiply scattered light from deeper fundus layers.
Whether the ILM peeling causes retinal damage is a fundamental question for any study using this surgical technique. A dissociated optic nerve fiber layer appearance after ILM peeling was reported. 11, 12 Retinal pigment epithelium changes and retinal edema were reported as an incident change after ILM peeling using ICG for the idiopathic macular hole. 13 Retinal changes in the focal macular electroretinogram after ILM peeling were reported. 14 Identification of an area of ILM peeling is crucial to evaluate the various types of retinal damage. Our results could assist the noninvasive assessment of vitrectomy with ILM peeling, in both direct clinical use and studies concerning surgical removal of the ILM.
In our case series, the remnants of ICG could not be observed in the measurement area. In a previous study, the persistence of ICG at 3 months after surgery was reported. 15 Absorption spectrum of ICG is between 600 nm and 900 nm. 16 With the presence of persistent ICG, the margin of ILM peeling should be emphasized in the SLO images at 780 nm and possibly at 633 nm. In contrast, our finding shows that the margin of the ILM peeling is clear at 488 nm and 514 nm, and the influence of ICG on the visibility of the margin of ILM peeling is thought to be small in our case series. In this study, the boundary of ILM peeling resided in relatively normal retina. ILM peeling is used to treat diabetic maculopathy, 17 and the margin of ILM peeling might be located in edematous or ischemic retina. With the presence of an abnormal lesion, the light-tissue interactions in the retina should be more complicated than in the normal retina. Further work is needed with a broader sample of patients to determine if a variation of wavelength, aperture size, 6 or other experimental condition, as well as the use of other commercially available instruments, produces results analogous to those of the present study, with a view of improving management techniques.
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